Brushless DC (BLDC) motors provide advantages in efficiency, reliability and performance that could replace other motors in a range of applications. Conventional controller suffers from some disturbance and the nonlinear of the BLDC motor. To overcome nonlinearity and disturbances problems, this paper proposes the speed control of BLDC with H∞ fuzzy controller based on LMI approach. The results show improvement in transient response and steady state error, including a stability criterion in terms of Lyapunov method can guarantee the stability of the nonlinear fuzzy system. Finally, the effectiveness of this approach is demonstrated through simulation results.
Introduction
The brushless direct current (BLDC) motors have been recently utilized in many applications such as air conditioners, remote-controlled car and medical applications [1] . In addition, BLDC motors are one of the active motors which give efficient result, compact, reliability and performance [2] . BLDC motor system is normally used for tuning a process. Trial and error may be time consuming which it may fail to optimize the performance. Since it involves a nonlinear system and complex process including the parameters tuning.
There are many different design approaches and control schemes such that neural network control system has a strong ability to solve the structure uncertainty but it requires more computing capacity and data storage space. For genetic algorithms, ant-colony algorithms, techniques can help in improving performance but they also need longer computation time and larger storage capacity [8] , [9] , [10] , [11] . The PID control is one of the most uses of control methods, however, it suffers from larger overshoot, oscillation and slower response, [6] , [7] . Therefore, the conventional PID controller maybe not a good controller since the PID controller shows an unsatisfied performance in the applications of BLDC motor systems that containing nonlinear variables [5] .
Over the past few decades, many researchers have been extensively studied the nonlinear H∞-control theory; see [12] , [13] , [14] , [15] . The problem of the nonlinear H∞-control problem is to obtain a controller such that the L 2 -gain of the mapping from the exogenous input noise to the regulated output is less than or equal to a prescribed value. Presently, there exist two effectively used methods for providing results to the nonlinear H∞-control problems. The first method is dealt with the nonlinear version of classical Bounded Real Lemma; see [14] , [15] , [17] . The second approach is based on the dissipativity theory and the theory of differential games; see [12] , [16] , [18] . Either methods provide that the solution of the nonlinear H∞-control problem is certainly involved with the solvability of Hamilton-Jacobi inequalities (HJIs). So far to our best knowledge there is no easily technique computation to solve those inequalities.
Recently, the design of fuzzy H∞ for a class of nonlinear systems which can be represented by a TakagiSugeno (TS) fuzzy model has been considered by many researchers; see [23] , [24] , [25] , [27] , [28] , [29] . In this Takagi-Sugeno fuzzy model, local dynamics of the system are represented by local linear systems. By blending of these local linear models through nonlinear membership functions, we finally obtain the overall model of the system. Therefore, what we intend to do in this paper is to design a H∞ fuzzy controller for speed control of brushless DC motor. Based on LMI approach, we develop a state feedback controller for speed controller of BLDC motor such that the L 2 -gain of the mapping from the exogenous input noise to the regulated output is less than a prescribed value. This paper is organized as follows. Section 2 explains the mathematical modeling of BLDC motor. In Section 3, TS fuzzy model is presented for nonlinear systems. In Section 4, based on a LMI approach we develop a technique for designing a fuzzy H∞ controller for speed control of BLDC motor that guarantees the L 2 -gain of the mapping from the exogenous input noise to the regulated output is less than a prescribed value. The validity of this approach is finally demonstrated through simulation results in Section 5. Finally in Section 6, the conclusion is given. 
Modeling of Brushless DC Motor
A simple three-phase brushless motor shows in Figure 1 . Figure 1 . Basic three phase, 2 pole brushless motor [20] The coupled circuit equations of the three-phase BLDC motor are [5] 
The relationship between the back-emfs and the function of rotor speed are as follows [4] .
The abc variable via the Park's transform are applied such that the rotor frame qd variable is obtained. A set of voltage is obtained as [3] 
Nonlinear Fuzzy Model
The class of nonlinear systems under consideration is described by the following fuzzy system model: Plan Rule i: 
(1)
( )∈ ℜ m is the input, ( ) ∈ℜ p is the disturbance, ( ) ∈ ℜ s is the controlled output, the matrices , , , and are of appropriate dimension and is the number of IF-THEN rules. For given any state vector ( ) and the control input ( ), the TS fuzzy model is inferred as follows:
. It is assumed in this paper that
where are the number of premise variables and are the number of rules, for all t. Therefore,
for all t. For the convenience of notations, let ϖ ( ) = ϖ � ( )� and ℎ ( ) = ℎ � ( )�. The system (12)-(13) can be rewritten as follows:
Let us recall the following definition. Definition 1: Suppose γ is a given positive real number. A system of the form (14)- (15) is said to have L 2 gain less than or equal to γ if
Note that for the symmetric block matrices, we use (*) as an ellipsis for terms that are induced by symmetry.
H ∞ Fuzzy Controller for Brushless DC
In this section an LMI approach will be utilized to derive a fuzzy controller which stabilizes the system (14)- (15).
Suppose there exists a fuzzy controller of the form:
Controller Rule j:
The final fuzzy controller (14)- (15) can design a H∞ fuzzy state feedback controller of the form
where is the controller gain, such that the inequality (16) holds. The state space form of the fuzzy system model (14)- (15) with the controller (17) can be written as follows
The following result deals with the system above. Theorem 1: Given the system (18)- (19), the inequality (16) Proof: The detail of the proof is omitted for brevity. 
Simulation Results
The system from (8) can be described by the following state equations:
Motor System
1 ( ), 2 ( ), 3 ( ) are the disturbance factor from torque load and ( ) is the controlled output.
It is found that currents and the speed in dynamic model of BLDC motor from (8) and (23) is highly nonlinear. Simultaneously, it is also possible the load torque change. Thus, the nonlinearity and uncertainties including the load torque disturbance have to be taken into account [22] . The nonlinear system plant can be approximated by TS fuzzy rules. Let choose the membership functions of the fuzzy sets as Figure 2 . The membership function can be write as
The TS fuzzy plant model can be obtained as: 
can be rewritten as
Plant Rule 2:
can be rewritten as Figure 4 and Figure 5 shows the speed curve when the motor speed is 2400 rpm. Figure 5 is the result of the PID controller, and Figure 4 
Conclusion
The performance analysis of a BLDC motor drive system with two types of speed controllers namely PID and H∞ fuzzy controller based on LMI approach is presented.
The motor is subjected to disturbances by changing load, transient and steady state behavior of the system. By comparison with both controllers, it is observed that H∞ fuzzy controller based on LMI approach gives much better dynamic response for the system. It is found that the system responds faster and no overshoot, including a stability criterion in terms of Lyapunov method can guarantee the stability of the nonlinear fuzzy system. Simulation results are also shown that the proposed methodology is provided a high performance control system for the BLDC motor.
In this work, we considered speed control and state feedback. Future work will be the design of position control and output feedback.
